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Abstract 

Curvature perturbations generated after the end of inflation are estimated for a generic 
multi-field inflationary potential. The curvature perturbations are generated by conver- 
sion of inflationary isocurvature perturbations, similar to curvaton and inhomogeneous 
reheating scenarios. During inflation, the trajectory along which the fields are rolling 
down will fluctuate. When inflation ends, the fields enter the oscillatory phase along dif- 
ferent directions in different parts of the universe. Different oscillatory trajectories can 
have different effective equations of state and reheating rates, so that different parts of 
the universe will evolve differently. This translates the isocurvature perturbations into the 
curvature perturbations. 

If all light fields make similar contributions to the potential energy, the postinflationary 
curvature perturbations are much smaller than the standard inflationary curvature per- 
turbations. But if different light fields make very different contributions to the potential 
energy, the postinflationary curvature perturbations can exceed the inflationary pertur- 
bations. The characteristic feature of postinflationary perturbations is non-Gaussianity 
~ ±1. 
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INTRODUCTION 

Standard one-field models of inflation have the obvious virtue of simplicity, and 

should be preferred to multi-field models, but only so long as no imDortant effects are 
missed. It has been argued that such effects might indeed exist 

An example relevant for this work is the "inhomogeneous reheating" scenario Ac- 
cording to the inhomogeneous reheating model, curvature perturbations are generated by 
conversion of inflationary entropy fluctuations in the following way. In addition to the in- 
flaton field , there exists another light scalar field x which has a very small potential 
energy. This field will fluctuate during inflation. After inflation, x modulates the reheating 
rate, thus generating postinflationary curvature perturbations, which can be larger than the 
curvature perturbations generated during inflation. 

This mechanism has obvious generalizations Postinflationary curvature fluctuations 
can be generated by inhomogeneous reheating, or freeze-out, or mass domination, etc. The 
most important question is how these postinflationary curvature perturbations compare to 
the standard inflationary curvature perturbations. 

We show that (i) Effects analogous to inhomogeneous reheating are present in generic 
multi-field inflation, (ii) "Generically" the postinflationary curvature perturbations are 
smaller than inflationary, (iii) Yet simple multi-field models with dominant postinflation- 
ary perturbations do exist, (iv) The characteristic feature of the postinflationary curvature 
perturbations is non-Gaussianity ~ ±1. 

We describe the basic mechanism for generating curvature perturbation after inflation 
and estimate the size of the effect in §2. We describe simple models with dominant postin- 
flationary curvature perturbations in §3, where we also estimate the non-Gaussianity of 
postinflationary curvature perturbations. 
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THE MECHANISM FOR GENERATING POSTINFLATIONARY CURVATURE 
PERTURBATIONS AND THE ESTIMATE OF THE AMPLITUDE. 



After the end of inflation the inflaton fields (pa will oscillate. Consider the potential energy 
in the region of oscillations. There can be directions in the (pa space along which the potential 
is nearly quadratic. Oscillations along quadratic directions are equivalent to matter, with 
the equation of state p = 0. There can be other directions in the (pa space along which the 
potential is nearly quartic. Oscillations in the quartic potential are equivalent to radiation, 
with the equation of state p = p/3. If different parts of the universe enter the oscillation 
region along different directions, the difference in equations of state will be translated into 
curvature perturbations. In a similar way, different oscillatory trajectories can give rise to 
different reheating rates. 

A rough estimate of the resulting superhorizon curvature perturbation Cpost should be 

Cpost ~ S9, (1) 

where 6 are angles in the (p space. A rigorous definition of ( is this: on superhorizon scales, 
e'' is proportional to the local scale factor on uniform energy density hypersurfaces. 

Now we need to estimate the superhorizon fluctuations in the directions 66 along which 
the fields enter the oscillation region. The field fluctuations during inflation are 6(p ~ H, 
where H is the Hubble parameter during inflation. Then the fluctuations in the angle are 

66 ~ -. (2) 
From ((T)) and (j2I) we get an estimate for the postinflationary curvature perturbation, 

Cpost ~ (3) 
This should be compared to the standard inflationary curvature perturbation 

where 2e = {MpiV' /V)"^ is the slow-roll parameter. The ratio of postinflationary to infla- 
tionary perturbations is then 

Cpost e^/^Mpi _ 1 



Cinfl <P N' 
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where ^ 1 is the number of e-foldings until the end of inflation. 

Thus the postinflationary curvature perturbations are "generically" subdominant. It is 
clear that one can cook up a potential energy which will give rise to a very strong conversion 
of entropy into curvature perturbations after the end of inflation. Or one can have a poten- 
tial energy which gives rise to very large entropy perturbations, leading to postinflationary 
curvature perturbations greater than the standard ones. But, as the next section shows, this 
can actually occur in very simple two-field models. 

There also exists a radical way to ensure that the postinflationary curvature perturbations 
dominate. One can suppress the perturbations produced during the inflationary stage, by 
assuming that inflation occurs in a false vacuum state Q| . This assumption also allows for 
a large level of gravitational waves in postinflationary perturbation models 

LARGE POSTINFLATIONARY CURVATURE PERTURBATIONS 

If all fields give similar contributions to the potential energy, the postinflationary cur- 
vature perturbations are subdominant, as we have seen. However, when this condition is 
violated, and different fields contribute very differently to the potential energy, the postin- 
flationary curvature perturbations can dominate. 

We will give several examples of models with large post-inflationary curvature pertur- 
bations. For simplicity, we will assume that the parameters of the models are such that 
the postinflationary perturbations are the much larger than inflationary. We will therefore 
neglect the curvature perturbations generated during inflation. We want to demonstrate 
two things: (i) large post-inflationary curvature perturbations are not exotica, some sim- 
ple models give large post-inflationary perturbations, (ii) the characteristic feature of the 
postinflationary perturbations is non-Gaussianity ~ ±1. 

The non-Gaussianity ~ ±1 is much larger than the standard one-field inflationary non- 
Gaussianity (~ tilt, ^13j), and it might be observable in future galaxy surveys 3, Q- 
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Inhomogeneous reheating I 

In inhomogeneous reheating Q the two fields play a very different role simply by assump- 
tion. It is postulated that there is an iflaton (p field and another light field x- The field x 
has no significant energy density, yet it can modulate the rate of reheating. 

Assume that (i) reheating occurs during the time when oscillations behave like matter, 
(ii) reheating rate F is proportional to x^, because x is the coupling strength of the infiaton 
to radiation. 

Before reheating, the energy density p oc a^'^, where a is the scale factor. The energy 
density at reheating is 

p oc i/^ ~ oc x\ (6) 

and the scale factor at reheating is 

ar oc x~^'\ (7) 

After reheating the energy density is oc a^a"'* oc x~^^^o,~^^ ^ind the perturbations of the scale 
factor on uniform energy hypersurfaces are 

oc x-"\ (8) 

or 

C = Inx - const = " ^ (^x - ^^x) ' (9) 

where 5^ = x/<X>~lis the approximately Gaussian infiationary fiuctuation. The 
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13| is 



definition of primordial non-Gaussianity fni used by 

C = g- {3/5)Ug'\ (10) 
where g is Gaussian. We therefore get 

fnl = -I (11) 

for this version of inhomogeneous reheating. 
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Inhomogeneous reheating II 



The version of inhomogeneous reheating presented above requires a non-renormahzable 
couphng, oc (f)x4''4'i where is the inflaton, x is the hght scalar field modulating the rate of 
reheating, and ip is the fermion field. The resulting reheating rate is then F oc x^- 

One can get the same rate of reheating in a different way. Let there be two inflaton flelds 
01 and 02 with different masses. Assume that the scalar fleld x modulates the rate of 0i — 02 
conversion via a renormalizable coupling oc X0i02. Further assume that 02 reheats much 
faster than 0i. For small Xi the effective reheating rate will be determined by the admixture 
of the 02 "flavor" in the 0i mode. The latter scales as 02 oc x0i- The resulting reheating 
rate is again F oc x^, and the results of the previous section apply. 

"Curvaton" 

Consider a two-fleld model with potential energy 



Since now the two flelds give very different contributions to the potential energy, the postin- 
flationary perturbations can be signiflcant. Indeed, for some values of parameters, the model 

n 

reduces to the curvaton 3]. We get a curvaton if the initial conditions are such that (i) 
is the inflaton fleld, it carries the energy during inflation, (ii) x is light during inflation, so 
that it fluctuates. 

After the end of inflation, the energy stored in oscillations will redshift away, and only 
the energy in x oscillations will remain. This will translate the x perturbations into the 
curvature perturbations. The energy density of the x fi^ld will be oc x^o,~^i where x is the 
value at horizon crossing. This gives the curvature perturbation 



\/(0,x) = A0^ + mV- 



(12) 




(13) 



The corresponding non-Gaussianity is 



fnl = 5/4. 



(14) 
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Inhomogeneous reheating III 



Consider inhomogeneous reheating of the iflaton 0. The field x which modulates the rate 
of reheating is now assumed to have a small mass. After reheating the field x will redshift 
slower than radiation, and therefore it will generate the curvaton-like perturbations, which 
will add (coherently) to the perturbations due to inhomogeneous reheating. As a result, we 
can calculate the perturbations by multiplying equations (0 CSl) 

e^^ oc x^ X'^ = X (15) 

and the corresponding non-Gaussianity is 

fnl = 5/2. (16) 

The detailed calculation can be done as follows. After the end of infiation, the infiaton 
oscillations redshift like matter. The Hubble parameter H will be given by 

oc a-^ (17) 

where a is the scale factor. Reheating occurs when if ~ F oc x^- Thus the scale factor at 
reheating 

ar oc x"'/', (18) 

here and in what follows x denotes the value of the x field at the moment of horizon crossing. 
The Hubble parameter at reheating 

oc a;\ (19) 

After reheating, 

H'^ oc H'^Xo''^ oc a,a-^ (20) 
The X field will start to oscillate when H"^ ~ m^. This occurs at the scale factor 

oc al'^. (21) 

After that, the energy density of the x field will scale as 

oc (22) 



Since the x energy will ultimately dominate, the fluctuations of the scale factor on uniform 
energy hypersurfaces are given by 

oc oc ^c?!^ oc x, (23) 

as expected. 

Non- Gaussianity 

One can keep on going and invent other models with large postinflationary curvature 
perturbations. It appears that in all such models, after the conversion of entropy into 
curvature perturbations, and after the final reheating of the massive fields, the radiation 
energy density becomes proportional to a certain power of some light scalar field x- Thus, 
quantum fluctuations of x which occur during the inflationary stage are translated, after 
the end of inflation, into curvature perturbations 

C-ln(l + 5J. (24) 

If these postinflationary perturbations dominate, the non-Gaussianity is 

hi ~ ±1. (25) 

The previous sections give examples with fni — —2.5, 1.25, 2.5. 

CONCLUSION 

• Effects analogous to inhomogeneous reheating are present in generic multi-fleld infla- 
tion. 

• Generically the postinflationary curvature perturbations are smaller than inflationary. 

• Yet simple multi-fleld models with dominant postinflationary perturbations do exist. 

• The characteristic feature of the postinflationary curvature perturbations is the rela- 
tively large non-Gaussianity ~ ±1. 
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